The ability to alter the rate at which molecules are released from pores by manipulating structural and surface properties of mesoporous materials was demonstrated consistently in numerous studies. Yet an understanding of the role of pore size, attraction to pore walls and of the release mechanism in general has still been elusive. Here we address these issues by means of a simple 2-dimensional (2D) model of ordered porous matrices with various pore sizes and strengths of molecule-wall attractions. The system dynamics are described with a 2D Fokker-Planck equation which is solved numerically for various cases of initial concentration distribution. We show that the interactions with walls play an essential and fundamental role in controlled release from mesoporous materials, regardless of whether they are additionally functionalized or not. They affect the relative cross-section where the local flux has a non-vanishing axial component and accordingly the effective transfer rate into bulk solution. Furthermore the inclusion of molecule-wall attractions into the theoretical description turns out to be the missing piece of the puzzle that explains the origin of the experimentally observed dependence of release kinetics on the pore size. Our results enable us to reinterpret existing experimental findings and provide a revised view of the mechanism of controlled release from ordered porous matrices.
Introduction
The supremacy of controlled delivery devices (CDD) with respect to traditional formulations is nowadays firmly established. Unlike traditional formulations CDDs' are designed to maintain a desirable concentration of drugs at their sites of action and/or to target specific binding sites. Among others, ordered mesoporous materials emerged as very promising materials for tunable drug delivery, as they have an ordered porous network, high pore volume and surface area and a functionalizable surface. 1 The ability to alter the rate at which drug molecules are released from the mesoporous matrix by means of matrix parameters (i.e. pore size, pore connectivity, geometry, etc.) or surface modifications was demonstrated consistently in several experimental studies. [2] [3] [4] [5] [6] [7] [8] [9] Repeatedly it was found that a reduction in the pore size results in slower drug release. 1, 2 Intuitively, the latter was usually ascribed to 'hindered' molecular diffusion (as opposed to free diffusion) due to spatial constraints (see for example ref. 2 and 3) , which appears to be a surprisingly well accepted, yet very questionable, explanation.
Unfortunately the nature of this 'hindered molecular diffusion' in mesopores has not been clearly defined. Potentially, one of the physical phenomena that could be associated with this hindrance is the so called hindered Brownian dynamics (HBD), also known as subdiffusion or single-file diffusion. 10, 11 HBD occurs in crowded media or in the presence of tight spatial confinement. However, for subdiffusion to occur in the case of drug molecules in mesopores, the diffusing molecules would have to be forced to arrange into a single file. While HBD could occur in the case of transport in zeolites and molecular sieves, carbon nanotubes and microporous materials, 12 the pore diameter of mesoporous materials (typically lying between 3.5 and 20 nm) is not small enough to enforce subdiffusion of drug molecules (having Connolly radii typically below 6 Å ) (for a justification see Section 1 of ESIw). Note also that Knudsen diffusion, which is believed to be the dominant transport mechanism of gasses in mesoporous materials, 13 is not relevant in the present case, since the mean free path in a solution is significantly smaller than the pore size.
The relation between the local transport inside the pores and the total transfer rate into the bulk solution is by far not as trivial as often assumed when interpreting such experiments. For example, the effective diffusion coefficient describing the large-scale transport is not related to the pore size in a simple way. Furthermore, the transport in mesoporous systems is not one dimensional nor isotropic, so simple models such as those reported by Higuchi 14 or Korsmeyer-Peppas [15] [16] [17] are an oversimplification and may lead to erroneous conclusions. Even if one neglects entirely all effects of interactions of diffusing molecules with pore walls and takes into account only geometrical constraints enforced by the porous matrix, this results in quite complex dynamical behavior, as shown in our previous work. 18 Also, recent experimental results based on systematically designed model systems 19 show the inherent inability of the existing models to predict the basic features of release from mesoporous materials, such as the asymptotic fraction of released drug.
Thus, the question that arises directly from extensive experimental evidence and still needs to be answered is what causes the reduction of release kinetics upon reduction of pore size. It has been shown in several studies that drug release becomes significantly slower in the case of surface-functionalized carriers (see for example ref. 20 and 21) . This has been ascribed to attractions between the drug and the chemically modified pore walls. However, drug-wall interactions are also present in non-functionalized systems (at least the van der Waals (vdW) interactions), so functionalization itself need not be the crucial parameter explaining this phenomenon. It is worth recalling that the interaction energy between a molecule and a wall, which is mainly responsible for adsorption-related phenomena, decays with the third power of the distance (the same as the dipole-dipole pair interaction) with the proportionality constant being typically of the order of several k B T. Using such basic interactions, we have recently investigated the physical principles that govern molecular transport in interacting ordered porous matrices. 22 Specifically, we used the Fokker-Planck equation (FPE) to model the system dynamics under the influence of external fields of various strengths and ranges and found that the dependence of solute transport kinetics (from ordered porous matrices) on the pore size is quite complex. Depending on the interaction strength, distinct regimes were found where the release kinetics are either enhanced or reduced. Those findings clearly suggested that the inclusion of attractions to pore walls was an essential ingredient of an adequate theoretical description of drug release kinetics. It may represent the missing piece of the puzzle leading to a more elaborate understanding of drug release mechanisms.
Here we extend the previous ideas with the aim to find a general picture about the effects of surface chemistry (i.e. solute-wall interactions) on the macroscopic release kineticssuch as usually monitored in drug release experiments. We systematically investigate the mechanism of release from simple 2-dimensional ordered porous matrices by varying the strength of attractions between drug and wall. We also check the effect of initial drug distribution inside the pores ranging from homogeneously filled pores, a Boltzmann distributed internal concentration to a thin adlayer and address the importance of the amount of substance initially deposited on the external matrix surface. The initial conditions reflect typical situations commonly used in experimental studies. Based on the results, we construct a simple schematic phase diagram of release regimes, which spotlights a nontrivial yet intuitive interplay between the interaction strength, the initial conditions and the resulting pore size dependence of release kinetics as probed in usual macroscopic experiments. The results indicate that certain established but rather intuitively proposed mechanisms need a substantial revision.
Model and computational methods
Porous matrices are modeled as 2-dimensional arrays of channels with diameter d and wall thickness a (see Fig. 1(a) ). This structure should describe well the geometry of the porous network in mesoporous silicates with hexagonal pore arrangement, such as SBA-15, MCM-41 and related materials. For a discussion of the geometrical relations between these 2D models and real matrices see ref. 18 .
The parameters describing matrix properties are the following. The dimensionless density of the matrix, r(r), is defined as:
where r is the 2-dimensional position vector r = (x, y). We denote the size of the porous matrix with L and the thickness of the surrounding buffer zone by L B . L B is chosen to be large enough to assure that the interactions with pore walls vanish and concentrations never reach appreciable values at large distances from the matrix. L and L B are kept constant in all cases. We fix the total pore volume and total pore entrance area and consider various pore sizes (see Fig. 1(a) ). Matrix parameters are chosen in a way which assures the absence of finite size effects that would otherwise be reflected in effective large scale diffusion coefficients. 23 We consider different types of initial conditions (IC), which are most likely to be met in experimental studies (see Fig. 1(b) ). The basic types of IC (I-III) represent situations, where no drug molecules are initially located on the external surface. Specifically, type I corresponds to a homogeneous concentration inside the pores, type II to a concentration proportional to the local Boltzmann factor, exp(ÀV(r)/k B T), and type III to a thin adlayer of equal concentration as in type I. In a separate set of calculations we additionally introduce a thin adlayer of various concentrations on the external surface of the matrix.
As they move through the porous matrix drug molecules experience an external force due to interactions with pore walls. The total external interaction potential experienced by a diffusing molecule at a given position r is equal to the sum of interactions with all molecules constituting pore walls. We describe the attractive part of these effective intermolecular interactions using the attractive part of a pairwise additive interaction potential of the Morse type and the repulsive part simply with a hard repulsive core (see Fig. 1(c) ). Thus, the local external potential is defined as
where the pair potential is defined as
q min and z are the depth and position of the pair potential minimum, s describes the width of the potential well and thereby also its range and D is a lower cut-off distance, which will be explicitly defined later. Note that the present approach is not entirely suitable for the description of charged systems (i.e. ionic interactions), since there one must additionally account for screening effects and charge neutrality, which demands the explicit treatment of electrostatics at least on a mean field Poisson-Boltzmann level. This will be considered in a future study. The dynamics of the dimensionless solute concentration field C(r) are assumed to be governed by a drift due to the local forces exerted on diffusing molecules by pore walls and diffusion due to the presence of local concentration gradients. We consider a low Reynolds number environment (which is a very reasonable assumption for aqueous systems) and isotropic mobility, m = D/k B T. Thus we assume a linear relationship between force and velocity, v = mF. We model the system dynamics with the linear 2-dimensional macroscopic FPE @CðrÞ @t ¼ Dr xy Á CðrÞ k B T r xy VðrÞ þ r xy CðrÞ
where r xy represents the 2-dimensional gradient operator, r xy = @/@xxˆ+ @/@yyˆ, D is the diffusion coefficient, k B is the Boltzmann constant, T is the temperature, and j is the generalized flux. The drift due to external forces (the first term in the brackets of eqn (3)) represents the energetic driving force while diffusion (second term) is, of course, an entropic driving force. Since the impenetrability conditions simply represent the fact that there is no effective driving force for solute transport into the pore walls, we can replace the repulsive part of the external potential by reflecting boundary conditions for C and V at the walls, r xy C Á nˆ= 0 and r xy V Á nˆ= 0, where nˆis the unit surface normal of pore walls. All calculations are performed numerically on a square with spacing D. First the integral in eqn (1) is evaluated using the attractive part of u p with z = D and s = 1, then the FPE is solved under reflecting boundary conditions for C and V at pore walls and external borders of the grid by means of a 4-step operator splitting fully implicit approach (for details see ref. 22) . Along with complete absence of solute-wall attractions (q min = 0) we consider several strengths of attraction with q min between 0.05 and 0.5 k B T (see Fig. 1c ). We perform 280 Â 10 3 integration steps with increment Dt taking the dimensionless parameter a DDt/D 2 = 0.2. The release kinetics are quantified by means of two parameters. The first one is the release time defined as the time in which a fraction j of drug is transported into the bulk solution (for details see Section 2 of the ESIw) and is obtained simply by integration of the total flux across the outer surface of the, so-called, diffusion layer, O:
where dS is the differential of the surface normal of O. The second one is the effective large-scale diffusion coefficient, D eff , which is a measure of the effective asymptotic diffusive transport from the matrix. The calculation of D eff is based on fitting the j(t) to an analytical solution of an effective 1D model. Namely, we have shown 22 that the asymptotic transport on large scales can be described by means of a 1-dimensional free diffusion equation with an effective diffusion coefficient, D eff , which evolves from an initial box-shaped distribution (C ls (x, t = 0) = C 0 ls for |x| r L/2 and 0 otherwise):
The solution is obtained straightforwardly by means of Laplace transformation and reads
If we denote the thickness of the diffusion layer as h, the fraction of solute released is then given by j ls (t)
À(L/2 +h) C ls (x, t)dx and can be shown to be
For h = 0 eqn (7) reduces to the result we derived in our previous work. D eff is in turn obtained from C(r, t) by fitting R t 0 dt H O j(r, t)dS with eqn (7) for long times. Specifically we used the last 30 Â 10 3 steps.
Results and discussion
Since the steady state solution of the FPE is proportional to exp(ÀV˜(r)) (where V˜= V/k B T), it is instructive to inspect first the properties of the external potential. There is no simple mapping of the pair potential and V˜(r) for arbitrary pore size. Thus, in order to capture the essential features that influence the large scale transport, we introduce three useful characteristics of the external potential at given pore size and q min . These are the average normal force at contact with pore walls, hF n i, the average contact potential, hV cont i, and the average external potential in the center of pores, hV cent i, as shown in Fig. 1(d) (explicit formulas are given in Section 3 of the ESIw). The first two are a measure of the adsorption affinity (the transient driving force for adsorption and the steady state affinity, respectively) whereas the latter determines the local concentration in the center of pores. Namely, we have shown in a previous study 22 that the local relaxation towards the Boltzmann distribution inside the pore network is up to 3 orders of magnitude faster than the large scale transport from the matrix, irrespective of the strength of attraction to pore walls. In other words, on the time scale of macroscopic transport, the internal concentration evolves over local 'quasi'-equilibrium states. In a first approximation, one can assume that the attractions to pore walls will play an important role in the local dynamics as soon as |V˜(r)| will be close to 1 or larger. In the case of h V cont i this holds for q min Z 0.25, as can be seen in Fig. 1(d) (dotted lines) . Note that hV cont i is almost independent of pore size. Meanwhile, hV cent i (see Fig. 1(d) , full lines) reaches 1 only in the case of smaller pores. According to the observation that on a macroscopic time scale the internal concentration evolves over local 'quasi'-equilibrium states, it follows that the effective driving force for large scale release (that is, the macroscopic concentration gradient between the inside of the matrix and the bulk solution), if measured in the center of pores, will be larger in the case of smaller pores. On the other hand, if measured directly at pore walls, the effective entropic driving force at given q min will be independent of pore size. The effective concentration gradient is only one ingredient of release kinetics, the other being D eff .
Before analyzing the dependence of D eff on q min and on pore size, it has to be stressed that D eff is not a measure of the actual Brownian motion of molecules inside the porous network, but represents the result of a spatial averaging or coarse-graining of the local transport. This fact is often forgotten when applying the simplified models mentioned earlier. Specifically, since only the transport in the axial direction of the pores contributes to the large scale release, D eff represents a spatial average of axial component of local fluxes inside the pores. Note that if the large scale transport were in fact diffusive and isotropic the whole time (i.e. it would follow 1D diffusion with some D eff ), then the fraction of drug released would follow eqn (7) . Only in this case, one would be allowed to completely replace the microscopic geometry and interactions with an effective (time independent) D eff . Our results demonstrate, however, that even in the absence of attractions to walls, the large scale behavior follows eqn (7) only for long t, which means that even for non-interacting matrices, the use of simplified models as Higuchi or Korsmeyer-Peppas is not justified. The time domain, where the asymptotic diffusive behavior is in fact established, can be determined only a posteriori.
D eff as a function of q min and pore size for types I-III IC are shown in Fig. 2(f) . Note first that D eff is independent of IC, which confirms that the large scale effective dynamics are in fact diffusive in nature. There are three regimes of pore size dependence of D eff with respect to q min . For sufficiently weak attractions (see the schematic phase diagram for D eff in Fig. 2(e) and results in Fig. 2(f) ) D eff monotonically decreases with increasing pore size (region (1)). Since in this range of q min all three characteristics of the external field are essentially constant and independent of pore size, the variation of D eff with pore size is purely due to geometrical constraints enforced by the porous network. A faster effective transport from the matrix is due to the fact that the available volume outside the matrix can be filled more effectively if there are more sources (pore-openings) present at the surface. The volume per unit pore-opening area in which the molecules can flow by means of lateral diffusion is larger in the case of smaller pores (see Fig. 2 (a) and (b) and for details of transport in this regime refer to ref. 18 ). More compactly, on going from Fig. 2(a) to (b) the divergence of the concentration gradient at poreopenings increases. Consequently, the total flux from the porous matrix is larger, which manifests itself as a larger D eff . Let us now hold the pore size constant while progressively increasing the strength of attraction. This corresponds to going from Fig. 2(a) to Fig. 2(d) over Fig. 2(c) . The introduction of increasing attractions to walls, and thereby a drift towards pore walls, causes an increasing radial component of the local flux. At the same time the magnitude of the local flux increases, but its axial component, which contributes to large scale transport, decreases. More precisely, the effective crosssection of the pore, where the local flux has a non-zero axial component, decreases with increasing attraction to walls (see Fig. 2(c) and (d) ). This in turn results in a lower D eff . Let us now decrease the pore size while holding q min fixed. Since hF n i is, except for very strong attractions, almost independent of pore size (see inset in Fig. 1(d) ) and the radial component of the force in the center is zero by symmetry, the range where the axial component of the local flux equals zero is constant and depends on q min and s. Therefore, the relative cross-section of the pore with a non-zero axial local flux at fixed q min will be smaller in smaller pores and, in turn, D eff will also be lower. Obviously, the purely geometrical effect of pore size reduction on the release kinetics and the accompanying effect of attractions to pore walls oppose each other and the outcome critically depends on q min . For a sufficiently large pore size and weak attractions the geometrical effect dominates (region (2) above the dash-dotted green line in Fig. 2(e) ), while for smaller pores the effect of attractions dominates (region (2) below the dash-dotted green line in Fig. 2(e) ).
Meanwhile, for sufficiently strong attractions the energetic effect always dominates (region (3) in Fig. 2(e) ). In a nutshell, this is the basic mechanism of the control of release kinetics by changing the pore size or varying attractions to pore walls.
We now turn to the dynamic phase diagram of the pore size dependence of release kinetics expressed in terms of the release half time, t 1/2 . t 1/2 reflects both the effective entropic driving force and D eff . As we demonstrate in continuation, the essential variables determining the pore size dependence of release kinetics are the strength of attractions to pore walls, expressed in terms of q min , and the amount of solute initially adsorbed on the external matrix surface. It has to be stressed here that the initial distribution inside the matrix plays no role in the release kinetics (see Section 2 of ESIw). Both D eff and release times are completely independent of initial conditions inside the matrix. This is simply a consequence of the decoupling of the time scales for local and large scale relaxation processes (for details refer to ref. 22) . The phase diagram is computed by assuming type III IC (see Fig. 1(b) ) with an additional external adlayer of concentration C sa . We gradually increase C sa from 0 to C in (C in being the concentration of the internal adlayer) and determine at each value of C sa the boundaries where the pore size dependence of t 1/2 exhibits different regimes. The calculated phase diagram is shown in Fig. 3 .
We first concentrate on the lower and upper limits of C sa . In the limit of vanishing C sa (C sa /C in -0) the behavior resembles closely the behavior of D eff (for details see Section 4 of the ESIw). The mixed regime starts when hV cont i becomes close to Àk B T/2 and ends when hV cont i E Àk B T. In the upper limit of C sa (C sa /C in = 1), the release kinetics are a monotonically increasing function of increasing pore size. This is easily understood by considering the limit of empty pores, C sa /C in c 1 (which is essentially an unphysical scenario, but is nevertheless very informative). In this case the release is fastest from the larger pores, regardless of the strength of attraction to walls. The mechanism causing this effect is essentially exactly the same as the one of enhanced release from smaller pores in the absence of attractions to walls, but with the direction of the local flux reversed. That is, the volume inside the pores can be filled more effectively in the case of a larger number of sinks at the surface. In other words, larger amounts of drug are soaked into smaller pores, which decreases the effective large scale concentration gradient between the matrix surface and bulk solution and thus depletes the release rate. Conveniently, we name the mechanism, when release is essentially controlled by desorption, the 'desorption controlled mechanism'. On the other hand, the mechanism monotonically leading to a faster release upon decreasing the pore size can be viewed as the 'geometry controlled mechanism'. In the case of strong attractions to pore walls, the main mechanism monotonically leading to a slower release upon decreasing the pore size is named 'interaction controlled mechanism'. Note that for strong attractions t 1/2 corresponding to the upper and lower limits of C sa converge, which suggests that the release for large q min is always interaction controlled. The broken blue line denotes the approximate boundary between interaction and desorption controlled release mechanisms. All conclusions drawn from the results of t 1/2 hold for the entire time interval (see Section 5 of the ESIw).
(Re)interpretation of existing experimental evidence
As mentioned in Introduction, the most obvious and reproducible experimental result that remains to be consistently interpreted is the frequently observed fact that the release becomes slower upon reduction of pore size. According to the present results, this phenomenon may be explained in two ways: either in all such cases the attraction of drug molecules to the walls of pores is significant (strong) or the materials are prepared such that a large fraction of drug is deposited on the external surface of the porous matrix. However, the latter possibility is very unlikely because variation of the total amount of loaded drug did not affect the observed qualitative pore size dependence of release kinetics. Thus, our model reliably predicts that this phenomenon must be due to quite strong interactions between the drug and the walls of the porous matrix. In other words, diffusion alone is insufficient to explain such results, regardless of local complications imposed by specific pore geometry, pore size, etc. Using our terminology, we might conclude, opposite to the prevailing opinion, that the release is not diffusion controlled but rather interaction controlled (see the phase diagram in Fig. 3 ). This means that the large scale release, in fact, still asymptotically obeys, effectively, a 1-dimensional diffusion equation, however, with a lower effective diffusion coefficient-as a result of attraction to pore walls. For short times, the release is not isotropic nor effectively 1-dimensional. The more extensive reduction of release kinetics in the case of appropriately functionalized materials is merely an effect of even stronger drug-wall attraction and introduces no additional features. Therefore, in general any interpretation of results of drug release kinetics from mesoporous matrices should include a consideration of drug-wall attraction. Experimentally the relative fraction of drug initially deposited on the external matrix surface can be determined from estimates of the total surface area and pore surface area of the bare mesoporous material, which can be obtained by means of N 2 sorption.
Conclusions
In the various recent efforts to explain the origin of experimentally observed dependence of drug release on the pore size, the missing piece of the puzzle seems to have been the attractions of drug to walls of pores. We have shown that interactions play an essential and fundamental role in drug release from mesoporous materials, whether the latter are functionalized or not. Furthermore, the results of recent experimental studies of drug release from accurately designed mesoporous silicates 19 are in excellent agreement with the predictions of our model. The interactions to walls of pores inherently affect the relative cross-section of pores, where the local flux has a non-vanishing axial component. This way, the effective transfer of drug into bulk solution is also affected. In general, the parameters that govern the release kinetics at a given pore size are the strength of attraction to walls and the fraction of drug initially located on the external surface. The resulting phase diagram reveals a variety of different regimes of release kinetics. On the other hand, the release kinetics are found to be entirely independent of the initial drug distribution inside the pores. This spotlights the fact that ordered porous networks with given attractions to pore walls control quite robustly the release kinetics from mesoporous, insoluble matrices. 
